formation. In this context, observations of gamma-ray emission at MeV energies produced by the low-energy CRs are very important and urgent. A telescope covering the energy range between ∼0.1 MeV and a few GeV with a sensitivity more than an order of magnitude better than previous instruments would allow for the first time to study in detail the low-energy CRs, providing information on their sources, their spectra throughout the Galaxy, their abundances, transport properties, and their role on the evolution of the Galaxy and star formation. Here we discuss the scientific prospects for studies of CRs, ISM (gas, interstellar photons, and magnetic fields) and associated gamma-ray emissions with such an instrument.
Importance of Cosmic-Ray (CR) and Interstellar Medium (ISM) Studies
The Milky Way is very bright at gamma-ray energies. This is mainly due to the interactions of Galactic CRs with gas and photons producing hadronic pion-decay emission, and producing leptonic inverse-Compton scattering and bremsstrahlung emission, as CRs propagate from their sources throughout the Galaxy. Observations of this gamma-ray emission from the Milky Way provide insights on the CRs spectra, density, distribution, transport and interactions properties, and the CR interplay with the ISM, even at large distances in the Galaxy (for extensive reviews see e.g. [1, 2, 3] ). Hence, observations from a few hundreds of KeV to a few tens of GeV allow us to investigate the properties of CRs and the ISM. However, observations so far by INTEGRAL, Fermi LAT, and COMPTEL underlined some discrepancies with present models, leaving open questions on the large-scale distribution of CR sources, on CR transport mechanisms in the Galaxy, and on their density and spectral variation over the Galaxy (see e.g. [2] and reference therein). Moreover, low-energy CRs are thought to be a fundamental component of the ISM, but their composition and flux are poorly known. In addition, the connection between low-energy CRs below a few GeV/nuc and galaxy evolution has started to be investigated only recently and is poorly understood. The energy density of Galactic CRs is similar to the energy density of interstellar gas, Galactic magnetic fields, and starlight. Hence CRs are an important component of the ISM. They impact the dynamics of the ISM, generating winds, and affecting physical and chemical processes that are responsible for the formation of stellar structures and galaxies (e.g. [4, 5] ). The ISM is very dynamic and its continuous transformations in phase and in density control the efficiency by which galaxies consume their gas to form stars. Sub-GeV CRs play a significant role in this evolution by ionizing the gas, e.g. [6] , thereby heating the darkest and densest clouds, as well as initiating chemical reactions that include the production of gas coolants [2] . GeV CRs, on the other hand, provide pressure support in rough equipartition with the thermal pressure [7] , as observed locally, and CR pressure gradients help push the gas blown by supernovae out of Galactic discs [8] .
In general, there is a common interest in understanding CRs at energies below ∼100 GeV/nuc. This paper presents the scientific topics and expected outcomes that a mission from a few hundreds of keV to a few tens of GeV can target with the goal of understanding the role of CRs in the galaxies. A mission at MeV energy range would allow for the first time to study in detail the CRs with energies below a few GeV/nuc, which play a fundamental role in the formation of stars and on the dynamics in the Galaxy. CR sources, acceleration mechanisms, injection spectra into the ISM, transport properties, and their spectral and spatial distribution in the entire Galaxy, and in specific regions such as molecular clouds, star forming regions, and stellar clusters would be investigated for the first time for the entire energy band, and with unprecedented sensitivity and spatial resolution. As a consequence, distribution, acceleration, transport, and effects of CRs on the ISM and on the dynamics and evolution of the Galaxy can be finally understood. This is of interest of many proposed missions at MeV energies, including AMEGO [9], e-ASTROGAM [10] (and the All-Sky ASTROGAM), COSI [11] , and GalCenEx [12] .
Specific topics in more detail
In this section we describe each scientific topic that would be addressed with such a telescope. o radius around the Galactic center (black points), while the figure on the right, as in [27] , shows the predictions for the IC on the CMB (green dotted line), on the diffuse IR (red, dashdotted line), and on the diffuse optical (blue dashed line), along with their sum (black solid line) compared to the INTEGRAL/SPI (black points) and COMPTEL (green points) data for the region |b| <15
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• . An AMEGO-like instrument sensitivity is below the scale of the plotted area. Fermi LAT data are from [30] , SPI data from [32] , COMPTEL data from [34] .
Among important discoveries enabled by COMPTEL, INTEGRAL/SPI, and Fermi LAT, we are facing the difficulty of disentangling the different components (leptonic and hadronic) of the interstellar gamma-ray emission produced by CRs, and even on model degeneracies between truly diffuse emission and emission by unresolved sources. As a consequence deriving further details on CRs and their transport in the ISM is still challenging, if not impossible, with present telescopes. For example, Fermi LAT data have shown that the gamma-ray emission decreases in flux [13] and softens [14] from the inner Galaxy to large Galactocentric radii differently to what is expected from the distribution of potential CR sources and under the assumption of uniform diffusion. A large halo size, additional gas and CR sources in the outer Galaxy [13] , anisotropic diffusion coefficient (e.g. [15, 16, 17, 18] ), advection (e.g. [19, 8, 20] , all might provide possible solutions. Indeed, there are further limitations to our knowledge of CRs, such as the distribution of CRs in the Galaxy (e.g. if they are more concentrated in the spiral arms or in the Galactic center), or how they are affected by Galactic winds [7] and by the still uncertain Galactic magnetic field [21, 22, 23, 24] . Indeed CRs can also drive winds (e.g. [25, 26] that, in turn, affect the CR largescale distribution. Moreover, the usual assumption that direct CR measurements, after accounting for solar modulation, are representative of the proton local interstellar spectrum in our ∼1 kpc region is also challenged [27] . Among the open questions from Fermi LAT data, the discovery of the Fermi Bubbles is still puzzling scientists (e.g. [28, 29] ). If they are due to past activity of a supermassive black hole at the center of the Milky Way (AGN scenario) or due to a period of starburst activity (starburst scenario) is unclear (see [10] and references therein for a detailed review). Moreover, smaller structures such as excesses and dips are present in the Fermi LAT data [30] after subtracting the models, possibly due to some gas emission, unresolved sources, or sites of CR acceleration. Fermi LAT has also detected gamma-ray emission from nearby galaxies [31] , where CRs have just started to be investigated.
Importance and expected results The hadronic gas-related pion-decay emission is the major interstellar component at GeV, while below 100 MeV most of the emission comes from IC scattering and from bremsstrahlung emission due to CR electrons. Indeed, IC is predicted to be the dominant interstellar component below a few tens of MeV [27, 32, 33] . Figure 1 shows the expected spectra of the different components for a model [27] that fits latest Voyager 1 and AMS02 data, and also synchrotron interstellar emission as observed in radio and microwave. A telescope at MeV energies, such as AMEGO or All-Sky ASTROGAM, will for the first time allow to clearly discriminate emission from CR nuclei and electrons. Moreover, it will also reveal the spatial and spectral distributions of the IC emission in the Galaxy, important for disentangling emission from unresolved sources, the extragalactic diffuse gamma-ray background, or potential dark-matter signal. This also allow to infer the distribution of CR electrons, which better sample CR inhomogeneity, because they are affected by energy losses more strongly than nuclei, and they remain much closer to their sources. Moreover, observations of gamma rays below 100 MeV by the same electrons that produce synchrotron emission in radio and microwaves provide firmer constraints on Galactic magnetic fields (e.g. [35, 36, 37, 38] ).
ISM in dense regions
Due to the limited resolution and energy coverage of past and present instruments we lack crucial observational constraints on the inhomogeneities of the low-energy CR distribution in and around star-forming regions, on their penetration into dense clouds [39, 40] , and on their potential production by protostar jets within cloud cores [41, 42] . Conversely, we don't know how much of an imprint star-forming regions leave on the CR distributions at all energies. We expect this imprint to be significant, first because CR sources are clustered in space and time around their parent OB associations, second because OB associations may impart a fraction of the kinetic energy of their supersonic stellar winds to CR acceleration or re-acceleration [43] , and third because stellar-induced MHD turbulence should impact CR diffusion [44] .
Our views on the diffusion properties of Galactic CRs have largely been inferred within 1 or 2 kpc, and at energies larger than several GeV which correspond to diffusion speed of hundreds of parsecs per Myr. How biased is our viewpoint from within the mini-starburst Gould Belt? How do low-energy CRs propagate in and out of such regions? These are central questions to be answered primarily in low-energy γ rays in order to better understand the CR feedback on the multi-phase structure of the ISM.
Importance and expected results These issues need to be addressed by spatially resolving the MeV to TeV emission produced in and around a variety of star-forming regions, powered by stellar clusters of different masses and at different stages of evolution (e.g. [45] . An instrument such as AMEGO will be pivotal in synergy with the HAWC and CTA observatories at TeV energies, with the Fermi LAT archive, and with MeerKAT and SKA. Severe confusion has prevented low-energy CR studies so far, even with Fermi LAT. Figure 2 shows that the improved performance of an AMEGO-like instrument will open new avenues to (i) probe CRs in nearby clouds off the Galactic plane down to a half parsec scale above 1 GeV and 10 pc at 50 MeV, (ii) compare the CR proton and electron spectra in and around nearby OB associations (e.g. in the Orion and Rosette nebulae), and (iii) to search for enhanced γ-ray activity in massive OB associations beyond the few cases discovered at higher γ-ray energies, such as the single robust case of Cygnus X [46] . The performance of an AMEGO-like instrument will be key to reliably extend the spectra of the CR-induced interstellar emissions below 500 MeV in order to measure the energy distribution of the bulk of the CR nuclei, to estimate the CR pressure inside OB superbubbles [46] , to follow the release and diffusion of CR electrons and nuclei around supernova remnants (e.g. [47, 48] , and to measure how low-energy CRs get depleted inside dense clouds because of self-excited MHD turbulence [39] . An AMEGO-like instrument will also search for γ-ray counterparts to synchrotron emitting protostars to set limits on CR production by jets which impacts the ionisation, therefore the evolution of protostellar discs [42] .
De-excitation lines
The Voyager 1 spacecraft has recently provided valuable measurements of the local energy spectra of Galactic CR nuclei down to ∼ 3 MeV nucleon −1 beyond the heliopause [49] , but the total CR ionization rate of atomic hydrogen resulting from the measured spectra is a factor > 10 lower than the average CR ionization rate measured in clouds across the Galactic disc using line observations of ionized molecules by Herschel [50] . The difference suggests that low energy CRs are relatively less abundant in the local ISM than elsewhere in the Galaxy. Observations of H + 3 in diffuse molecular clouds show indeed that the density of low energy CRs can strongly vary from one region to another in the Galactic disk, and, in particular, that the low energy CR flux can be significantly higher than the average value in diffuse molecular gas residing near a site of CR acceleration such as a supernova remnant [51, 52] .
A very promising way to study the flux and composition of CR nuclei below the kinetic energy threshold for production of neutral pions (≈ 300 MeV for p + p collisions) would be to detect gamma-ray lines in the 0.1 − 10 MeV range produced by nuclear collisions of CRs with interstellar matter. Strong narrow lines are produced by the excitation of abundant heavy nuclei of the ISM by CR protons and α-particles with kinetic energies between a few MeV and a few hundred MeV. . The gamma-ray line emission below 10 MeV is due to low energy CRs, whose properties in the ISM have been adjusted such that the mean CR ionization rate deduced from H + 3 observations and the Fermi-LAT data (magenta band) at 1 GeV are simultaneously reproduced (adapted from [54] ). The dashed green line shows the total calculated emission when adding leptonic contributions, point sources and extragalactic gamma-ray background that were taken from [13] . Right panel: A simulated spectrum of gammaray line emission from a Galactic superbubble of a scale size about 50 pc located at a distance about 500 pc. A few Myrs age superbubble is powered by multiple OB star winds and supernovae accelerating CRs [43] .
The most intense lines are expected to be the same as those frequently observed from strong solar flares, i.e. lines from the de-excitation of the first nuclear levels in 12 C, 16 O, 20 Ne, 24 Mg, 28 Si, and 56 Fe [53] . The total nuclear line emission is also composed of broad lines produced by interaction of CR heavy ions with ambient H and He, and of thousands of weaker lines that together form a quasi-continuum in the range E γ ∼ 0.1 − 10 MeV [54] . Some of the prominent narrow lines, e.g. that at 6.13 MeV from 16 O, may exhibit a very narrow component from interactions with dust grains, where the recoiling excited nucleus can be stopped before the gamma-ray emission [55] .
Importance and expected results Figure 3 (left panel) shows the calculated gamma-ray emission spectrum from CRs in the inner Galaxy containing a low-energy component that would account for the observed mean ionization rate of diffuse molecular clouds. Observations of this emission would be the clearest proof of an important low-energy CR component in the Galaxy and probably the only possible means to determine its composition, spectral and spatial distribution. A particularly promising feature of the predicted gamma-ray spectrum is the characteristic bump in the range E γ = 3 − 10 MeV, which is produced by several strong lines of 12 C and 16 O. The calculated flux in this band integrated over the inner Galaxy (|l|≤ 80
• ; |b|≤ 8 • ) amounts to 7 × 10 −5 photons cm −2 s −1 . In comparison, in three years of nominal mission lifetime, the predicted sensitivity of an AMEGO-like instrument for such a spatially extended emission is S 3σ ∼ 5 × 10 −6 photons cm −2 s −1 . In Fig. 3 (right panel) a simulated gamma-ray line spectrum of an individual nearby superbubble is shown [43] . The spectrum is dominated by both narrow and broad 12 C and 16 O lines providing a way to constrain low energy CR composition.
